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[1] The primary goals of the Sea-Viewing Wide Field-of-View Sensor (SeaWiFS) are to
routinely provide the global ocean color and ocean bio-optical property data. In retrieving
the ocean near-surface signals from SeaWiFS-measured radiances, however, the aerosol
effects must be accurately estimated and removed. Therefore SeaWiFS also produces the
aerosol optical property data (in particular, the aerosol optical thickness and Ångström
exponent) over global ocean. Since September of 1997, SeaWiFS has generated both
global aerosol (over ocean) and ocean color data for more than 6.5 years and is still in
producing these products with very good sensor performance. This makes SeaWiFS the
longest in history for providing simultaneously the global aerosol and ocean color
products. In this paper we describe the SeaWiFS aerosol products over ocean in
combination with the ocean color data. We assert through various examples that, because
SeaWiFS simultaneously retrieves both atmospheric and ocean color data, the SeaWiFS
products are useful to study aerosol and ocean variations in climatic forcing,
biogeochemical cycling, and radiative effects in the global and regional scales.
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1. Introduction

[2] Aerosols have been very active research areas in the
recent years, in particular, satellite remote sensing of the
aerosol optical and radiative properties [King et al., 1999;
Kaufman et al., 2002]. There are various satellite sensors that
have been dedicated to measure the global aerosol optical
and radiative properties, e.g., the Advanced Very High
Resolution Radiometer (AVHRR) [Rao et al., 1989; Husar
et al., 1997; Nakajima and Higurashi, 1998; Mishchenko et
al., 1999; Ignatov and Stowe, 2002], the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) [Kaufman et al.,
1997; Tanré et al., 1997], and the Multiangle Imaging
Spectroradiometer (MISR) [Wang and Gordon, 1994;
Martonchik et al., 1998]. Satellite sensors such as the

Total Ozone Mapping Spectrometer (TOMS) can provide
information of the aerosol single-scattering albedo (ab-
sorbing characteristics) using the radiances measured at
the UV wavelengths [Torres et al., 1998], whereas the
polarized radiances measured by the Polarization and
Directionality of the Earth’s Reflectances (POLDER)
show some advantages in retrieving the aerosol optical
properties over the land [Deuze et al., 2001; Tanré et al.,
2001].
[3] Aerosols play an important role in climate radiative

forcing and biogeochemical cycling [Charlson et al., 1992;
Kiehl and Briegleb, 1993]. They not only directly influence
radiative transfer in the atmosphere and, hence, change the
radiance reflected to space, but they also indirectly affect the
radiation budget by providing cloud condensation nucleii
that lead to cloud formation [Charlson et al., 1987, 1992].
Aerosol particles can also deposit to and suspend within the
upper layer of the ocean, thereby changing the ocean bio-
optical properties and ocean productivity [Claustre et al.,
2002]. However, the emission of the dimethylsulfide (DMS)
particles from sea surface [Andreae et al., 1994; Kettle et
al., 1999] changes characteristics of the aerosol composi-
tions and its radiative forcing [Charlson et al., 1987].
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Therefore it is useful to study the aerosol global spatial and
temporal variations over ocean with simultaneous ocean
optical property data.
[4] The Sea-Viewing Wide Field-of-View Sensor (Sea-

WiFS) [Hooker et al., 1992], which was launched on 1
August 1997, is primarily for the routine global ocean color
measurements and ocean bio-optical property data genera-
tion. SeaWiFS has eight spectral bands centered at 412, 443,
490, 510, 555, 670, 765, and 865 nm, with bandwidth of
20 nm for the six visible bands and 40 nm for the two
near-infrared (NIR) bands. For accurate ocean color meas-
urements, SeaWiFS has very high spectral band signal-to-
noise characteristics. In its more than six and half years of
operation, SeaWiFS has been continuously providing high-
quality ocean color products [McClain et al., 2004a].
SeaWiFS ocean color products have been well established
and widely used in the ocean community. For example,
from a record search in the Science Citation Index (SCI)
database with key word ‘‘SeaWiFS,’’ it is found that �450
papers have been published. These researches are mostly
related to ocean property studies. In retrieving the ocean
near-surface signals from SeaWiFS-measured radiances,
however, the aerosol effects must be accurately estimated
and removed. This is known as atmospheric correction
which removes more than 90% of the sensor-observed
radiance in the visible spectrum that are back-scattered
from the atmosphere and ocean surface [Gordon et al.,
1980; Gordon and Wang, 1994a; Gordon, 1997; Fukushima
et al., 1998; Antoine and Morel, 1999]. Therefore SeaWiFS
can also produce the aerosol optical property data, in partic-
ular, the aerosol optical thickness (AOT) and Ångström
exponent, over global ocean [Gordon and Wang, 1994a;
Wang, 2000]. The aerosol optical properties over ocean can
be retrieved from other ocean color sensors such as the
Medium Resolution Imaging Spectrometer (MERIS)
[Antoine and Morel, 1999] and the Ocean Color and Tem-
perature Scanner (OCTS) [Fukushima et al., 1998]. Since
September of 1997, SeaWiFS has been generating both global
aerosol (over ocean) and ocean color products.
[5] In this paper, we present the SeaWiFS aerosol prod-

ucts over ocean in combination with the SeaWiFS ocean
color products and show advantages with some examples in
looking at both aerosol and ocean color data. We first briefly
overview the SeaWiFS atmospheric correction and aerosol
retrieval algorithms. Next, the validation descriptions and
discussions that compare the SeaWiFS aerosol and ocean
color data with the ground-based and in situ measurements
that have been collected through the SeaWiFS and NASA
Sensor Intercomparison and Merger for Biological and
Interdisciplinary (SIMBIOS) [McClain et al., 2002] projects
are provided. Finally, we present the SeaWiFS aerosol and
ocean color products over global ocean and select eight
regions as examples to study their temporal and spatial
variations, as well as some detailed correlation analyses
between aerosols and ocean color data.

2. SeaWiFS Atmospheric Correction and Aerosol
Retrieval Algorithms

[6] In this section, we briefly review the SeaWiFS atmo-
spheric correction and aerosol retrieval algorithms, the
SeaWiFS data processing procedure, as well as the Sea-

WiFS aerosol and ocean color products that are used in this
study.

2.1. Theoretical Bases

[7] At the satellite altitude, the sensor-measured radi-
ance at a given wavelength for the ocean-atmosphere
system can be written as a linear sum from various
contributions:

Lt lð Þ ¼ Lr lð Þ þ LA lð Þ þ t lð ÞLwc lð Þ þ T lð ÞLg lð Þ þ t lð ÞLw lð Þ;
ð1Þ

where Lr(l), LA(l), Lwc(l), Lg(l), and Lw(l), are the
radiance contributions at the top of the atmosphere (TOA)
from air molecules, aerosols and Rayleigh-aerosol interac-
tions (i.e., La(l) + Lra(l)) [Gordon and Wang, 1994a],
whitecaps [Gordon and Wang, 1994b; Frouin et al., 1996;
Moore et al., 2000], Sun glint [Wang and Bailey, 2001], and
ocean waters, respectively. T(l) and t(l) are the atmo-
spheric direct and diffuse transmittance [Yang and Gordon,
1997] at the sensor viewing direction, respectively. The
water-leaving radiance Lw(l), which can be related to the
ocean near-surface physical and bio-optical properties, is
the desired quantity in the atmospheric correction for the
ocean color remote sensing [Gordon and Wang, 1994a;
Fukushima et al., 1998; Antoine and Morel, 1999]. To
remove the atmospheric effects in the derived Lw(l),
SeaWiFS produces the normalized water-leaving radiance,
[Lw(l)]N, which is defined as

Lw lð Þ½ �N¼ Lw lð Þ= cos q0t0 lð Þf g; ð2Þ

where q0 is the solar zenith angle and t0(l) is the
atmospheric diffuse transmittance at the solar direction.
The two-band ratio values of [Lw(l)]N can then be used to
derive the ocean chlorophyll-a concentration [Gordon et al.,
1988; Morel, 1988; O’Reilly et al., 1998].
[8] In equation (1), the Rayleigh scattering radiance

Lr(l) is computed using the vector radiative transfer theory
(accounting for polarization) for a Rayleigh-scattering
atmosphere overlying a rough (wind speed dependent)
Fresnel-reflecting ocean surface [Gordon and Wang,
1992; Wang, 2002]. The whitecap radiance Lwc(l) is
modeled with input of the sea surface wind speed [Gordon
and Wang, 1994b; Wang, 2000]. The Sun glint Lg(l) is
mostly avoided by titling sensor 20� away from the nadir at
subsolar point and residual contamination is corrected
[Wang and Bailey, 2001]. Thus, to derive the ocean
contribution Lw(l) in equation (1) (ocean color products),
the aerosol effects LA(l) at the visible wavelengths need to
be estimated. However, from aerosol contribution LA(l),
the aerosol optical properties can be retrieved. Therefore
aerosol products are by-products from the atmospheric
correction of the ocean color remote sensors [Gordon and
Wang, 1994a].
[9] By using a set of candidate aerosol models, effects of

the spectral variation of LA(l) at the SeaWiFS two NIR
bands centered at 765 and 865 nm can be evaluated from
equation (1) because Lw(l) at the NIR bands are usually
negligible for the open ocean waters due to strong water
absorption [Hale and Querry, 1973; Smith and Baker,
1981]. For productive ocean waters (with high chlorophyll
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concentration), however, the NIR Lw(l) values are no
longer negligible and can be estimated using a bio-optical
model [Siegel et al., 2000; Stumpf et al., 2003]. Thus
SeaWiFS has accounted for the ocean contributions at the
NIR bands for the productive ocean waters. This is particu-
larly important for the coastal regions where the NIR Lw(l)
values are usually significant [Siegel et al., 2000; Stumpf et
al., 2003]. The LA(l) values that are derived in the SeaWiFS
NIR bands, i.e.,

LA lð Þ ¼ Lt lð Þ 
 Lr lð Þ 
 tLwc lð Þ 
 TLg lð Þ 
 tLw lð Þ; ð3Þ

are then used to select two most appropriate aerosol models
from a suite candidate aerosol models. A weight that is best
fit to the measured NIR radiances from the radiances
computed using the two selected aerosol models is
estimated. Using the two aerosol models with a weight
and the SeaWiFS-measured radiance, the AOT at 865 nm
ta(865) (or ta(l) for all the SeaWiFS wavelengths) and
Ångström exponent from wavelengths 510 and 865 nm
a(510) can then be retrieved [Gordon and Wang, 1994a;
Wang, 2000]. The Ångström exponent a(l) is defined as

a lð Þ ¼ loge
ta lð Þ
ta 865ð Þ

� �
= loge

865

l

� �
; ð4Þ

where ta(l) is the AOT at the wavelength l. Therefore
SeaWiFS algorithm uses aerosol spectral information from
two-band measurements to derive appropriate aerosol
models and aerosol optical properties [Gordon and Wang,
1994a]. Two-band approach in deriving aerosol optical
properties is also discussed by other investigators [e.g.,
Nakajima and Higurashi, 1998; Mishchenko et al., 1999].
[10] For the atmospheric correction, the LA(l) radiances

derived in the SeaWiFS NIR bands are extrapolated into the
visible wavelengths. This can be achieved using the derived
aerosol models and the AOT ta(865) through the radiative
transfer computations. The normalized water-leaving radi-

ances [Lw(l)]N at the visible wavelengths are then retrieved
through equations (1) and (2), and the chlorophyll-a con-
centration Chl-a is obtained using the two-band ratio value
of the derived [Lw(l)]N [O’Reilly et al., 1998]. This is a
typical two-step atmospheric correction procedure in which
the atmosphere and ocean are assumed to be de-coupled
[Gordon and Wang, 1994a; Gordon, 1997; Fukushima et
al., 1998; Antoine and Morel, 1999].

2.2. Aerosol Models for the SeaWiFS Lookup Tables

[11] A set of realistic aerosol models is needed for the
atmospheric correction and aerosol retrievals. The current
SeaWiFS algorithm uses 12 aerosol models for generating
the aerosol lookup tables [Wang, 2000]. They are the
oceanic model with the relative humidity (RH) of 99%
(denoted as O99), the maritime model with RH of 50%,
70%, 90%, and 99% (denoted as M50, M70, M90, and
M99), the coastal model with RH of 50%, 70%, 90%,
and 99% (denoted as C50, C70, C90, and C99), and the
tropospheric model with RH of 50%, 90%, and 99%
(denoted as T50, T90, and T99). The oceanic, maritime,
and tropospheric models are from Shettle and Fenn
[1979] and also provided in the work of d’Almeida et
al. [1991], whereas the coastal model was introduced in
the work of Gordon and Wang [1994a]. In these 12
aerosol models, the single-scattering albedo at 865 nm
varies from 0.930 for the T50 model to 1.0 for the O99
model, while the Ångström exponent a(510) changes
from 
0.087 for the O99 model to 1.53 for the T50
model. Figure 1 is a re-plot of results from Knobelspiesse
et al. [2004] comparing the Ångström exponents from the
SeaWiFS 12 aerosol models with those of the ground-
based measurements. The Ångström exponent values for
the SeaWiFS 12 aerosol models are represented as
vertical dashed lines that are compared with the histo-
grams from the ground-based data collected by the
SIMBIOS project (see discussions also in section 3).
Clearly, the in situ Ångström exponents obtained from
maritime environment can be well represented with the
SeaWiFS 12 aerosol models most of the time. For
aerosols with very large Ångström exponents, e.g., >1.5,
the current SeaWiFS models may not be representative.
Therefore the SeaWiFS aerosol models represent mostly
the nonabsorbing and weakly absorbing aerosols that are
usually present in the ocean maritime environment.

2.3. SeaWiFS Data Processing and Products

[12] Since September of 1997, SeaWiFS routinely pro-
vides ocean color and atmospheric products, e.g., the
normalized water-leaving radiance [Lw(l)]N for six visible
wavelengths (412, 443, 490, 510, 555, and 670 nm),
chlorophyll-a concentration Chl-a, AOT at 865 nm
ta(865), and the aerosol Ångström exponent derived from
the wavelength 510 and 865 nm a(510). SeaWiFS has
gone through four major reprocessings of the entire data
set. Each reprocessing has addressed the data quality
issues that are related to the sensor calibration, instrument
navigation, data masks and flags, and retrieval algorithms.
The SeaWiFS data used in here are from the fourth data
reprocessing which was carried out in July 2002 [Patt et
al., 2003]. Currently, the SeaWiFS data processing is
optimized for the ocean color measurements (e.g., chlo-

Figure 1. The Ångström exponents from the SeaWiFS 12
aerosol models compared with the results derived from the
ground-based measurements. These are re-plotted from
results of Knobelspiesse et al. [2004].
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rophyll-a concentration). Very high AOT data such as the
dust and smoke plumes are usually masked out due to
large uncertainties in the ocean color products with these
cases [Gordon, 1997]. The SeaWiFS has a reflectance
threshold at 865 nm corresponding to the AOT of �0.3.
Thus the current SeaWiFS aerosol products are mostly
applicable and valid in the open ocean regions where the
marine aerosols are often the dominant sources.
[13] It is noted that, however, the SeaWiFS measure-

ments can be used to derive the aerosol optical properties
for very thick aerosol layers, e.g., for the dust study
[Husar et al., 2001; Moulin et al., 2001a], and possibly
for the ocean color data in the regional case study
[Moulin et al., 2001b]. Implementation is planned for
an aerosol retrieval scheme in which very high AOT
(e.g., dust and smoke) can still be retrieved even though
the ocean color data may have large uncertainties. In
these cases, flags can be applied to the ocean color
products.

3. SeaWiFS Data Compared With the
Ground-Based Measurements

[14] In this section, we provide some validation results in
which the SeaWiFS aerosol and ocean color products are
compared with the in situ and ground-based measurements.
The in situ and ground-based data were obtained through
the calibration and validation efforts under the SeaWiFS
and the SIMBIOS projects. Brief discussions are also
provided for comparisons of the SeaWiFS AOT product
with data derived from the other satellite sensors.

3.1. Data From Ground-Based Measurements

[15] Since 1997, the SeaWiFS and the SIMBIOS proj-
ects have funded the collection of high quality ocean in
situ data and atmosphere ground-based measurements as a
prerequisite for satellite data product validation, algorithm
development, satellite data comparison and intercalibra-
tion [Wang and Franz, 2000; Wang et al., 2002], and data
merger studies and time series analyses [Gregg et al.,
2002; Maritorena et al., 2002]. The SeaWiFS Bio-optical
Archive and Storage System (SeaBASS) [Werdell et al.,
2003] maintains a local repository of in situ ocean bio-
optical data to support and sustain regular scientific
analyses. Within the SIMBIOS project, a pool of Sun
photometers and above-water radiometers has been main-
tained and deployed in the various field campaigns to
complement in-water optical measurements and the Aero-
sol Robotics Network (AERONET) [Holben et al., 1998].
The SIMBIOS project has also contributed 12 CIMEL
automated Sun/sky photometers for the AERONET in
which they are deployed at coastal and island locations.
Currently, SeaBASS has archived data from over 1150
field campaigns, collected by �60 contributors at over 44
institutions in 14 countries [Fargion and McClain, 2003].
The SIMBIOS project office has used a rigorous series of
data submission protocols and quality control metrics to
maintain consistent and high quality data [Mueller and
Fargion, 2002; Knobelspiesse et al., 2004]. The aerosol
optical property data are mostly collected using the
instrument pool of 14 Microtops II Sun photometers
[Morys et al., 2001], one SIMBAD and two SIMBADA

above-water radiometers/Sun photometers [Deschamps et
al., 2004], and one micropulse lidar. There are also
significant aerosol data acquired with the ship-mounted
marine shadow-band radiometers [Reynolds et al., 2002].
Detailed description of the SIMBIOS aerosol optical
property data that are archived in the SeaBASS is
provided in the work of Knobelspiesse et al. [2004].

3.2. Comparisons Between SeaWiFS and
Ground-Based Measurements

[16] We compare the SeaWiFS atmospheric and ocean
color products with data from the in situ and ground-
based measurements. We select the nonrestrict (after three
years of data restriction) in situ and ground-based data
from the SeaBASS database in this study. All in situ and
ground-based data presented in here were acquired nearly
simultaneously with the SeaWiFS measurements (within
±3 hours). The red and green dots in Figure 2 show the
geolocations of the ground-based and in situ measure-
ments acquired for aerosol (red) and ocean color (green)
product comparisons in this study. Figure 3 provides
results for the SeaWiFS aerosol and ocean color products
compared with the in situ and ground-based measure-
ments. Figures 3a and 3b show comparison results for
ta(l) at 865 nm and at the various visible wavelengths,
while Figures 3c and 3d are results for [Lw(l)]N at the
visible wavelengths and chlorophyll-a concentration. In
general, good agreements are achieved for the SeaWiFS
atmospheric and ocean color products in comparing with
the ground-based and in situ data. For the atmospheric
products, Figure 3a shows a slight over-estimation of the
SeaWiFS ta(865) in comparing with the ground-based
measurements. These are indicated by a linear fit for data
sets with slope of 0.9810, intercept of 0.0211, and
correlation coefficient of 0.8394. However, the entire
spectral ta(l) data comparisons (Figure 3b) show relative
flatter spectral ta(l) (with respect to wavelength) from
SeaWiFS than those from the ground-based measure-
ments. The slope of linear fit for ta(l) comparison
decreases with decrease of the wavelength, indicating
under-estimation of the aerosol Ångström exponent. We
use the spectral ta(l) data instead of a(510) for compar-
ison because Ångström exponent depends on the wave-
length. The ocean color product comparisons show quite
good agreements between SeaWiFS and in situ data.
Figures 3c and 3d show that slope of 0.9852, intercept
of 0.0559, and correlation coefficient of 0.9447 are
obtained for the [Lw(l)]N data, while these values are
0.9552 (slope), 
0.0624 (intercept), and 0.9332 (correla-
tion coefficient) in log scale for the chlorophyll-a con-
centration comparisons. It is noted that the comparison
results presented in here for both aerosol and ocean color
products include cases with both case 1 (open oceans)
and case 2 (most in coastal regions) waters. Some
detailed validation analyses for the SeaWiFS ocean color
products are discussed in the work of McClain et al.
[2004a].

3.3. Comparisons With Other Data Sets

[17] The detailed comparisons and analyses of the satel-
lite-derived AOT over ocean from total of nine aerosol
retrieval algorithms, which includes algorithms for data
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measured by AVHRR, TOMS, SeaWiFS, MODIS, MISR,
and some other sensors, have been carried out by Myhre et
al. [2005]. In that study, the satellite results are also
compared with the ground-based data from AERONET
[Holben et al., 1998]. Although some good agreements
are found within various satellite data products, significant
differences in the derived AOT from various satellite
sensors, in particular, at the high latitude regions (e.g.,
southern oceans), are reported [Myhre et al., 2005]. This
is true even for sensors dedicated for the aerosol measure-
ments. In general, for cases with not too large AOT, the
SeaWiFS AOT is compared well with the AERONET
ground-based measurements and with results derived from
some of sensors (e.g., AVHRR, MODIS) [Myhre et al.,
2005]. SeaWiFS aerosol product shows high stability and
usually has the lowest data variation (standard deviation) in
all the data sets. However, for cases with the high AOT
(e.g., dust and smoke plumes), the SeaWiFS aerosol product
shows large differences comparing with other data sets
because SeaWiFS has a reflectance threshold at 865 nm to
optimize data processing for the ocean color products. There
are various factors that may contribute the significant differ-
ences in the derived AOT within various satellite sensors,
e.g., the sensor calibration, algorithm performance, radiative
transfer modeling (lookup tables), cloud masking, Sun

glinting masking and correction, and data sampling issues
(both temporal and spatial). Clearly, further study to under-
stand these differences is needed.

4. Regional Time Series of the SeaWiFS
Atmospheric and Ocean Products

[18] Because SeaWiFS simultaneously retrieves both at-
mospheric and ocean color products, we can study the
aerosol and ocean color products collectively. In this sec-
tion, the SeaWiFS aerosol and ocean color products from
global deep water are presented. We then select eight
regions in the global oceans to provide examples of the
temporal and spatial variations of the aerosol and ocean
color optical properties from the SeaWiFS measurements.

4.1. Products Stability and Repeatability in the Global
Deep Water

[19] Figure 4 provides the mean values of the SeaWiFS-
derived products as a function of time (SeaWiFS entire
mission from September 1997 to March 2004) for AOT
ta(865), Ångström exponent a(510), the normalized water-
leaving radiance at 443 nm [Lw(443)]N, and the chlorophyll-
a concentration Chl-a. These data were derived from the
SeaWiFS 8-day global deep water regions (deeper than

Figure 2. Global images indicating the global water deeper than 1 km (blue areas), the ground-based
measurements for aerosol (red dots), the in situ data for the ocean color (green dots), and the selected
eight regions for the SeaWiFS data analyses (black boxes).
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1 km) covering almost all oceans. The global deep water
ocean region is shown in the regions in blue in Figure 2. In
Figure 4, from the top to the bottom curves are for ta(865),
a(510), [Lw(443)]N, and Chl-a, respectively. Values of
ta(865) and a(510) are indicated in the top left side, while
[Lw(443)]N (mW cm
2 mm
1 sr
1) and Chl-a (mg m
3)
values are indicated in the bottom right side (log scale).
Results in Figure 4 show that the SeaWiFS ta(865) and
[Lw(443)]N from the global deep waters have quite constant
values (almost flat lines), while Chl-a has some seasonal
variation and a(510) shows the most significant yearly
repeatable variation. The coefficients of variation (standard
deviation/mean) for ta(865), a(510), [Lw(443)]N, and Chl-a
from the global deep waters (Figure 4) are 4.5%, 21.7%,
3.7%, and 8.8%, respectively. The ta(865) and a(510)
results are compared favorably with the ground-based data
derived from the global open oceans for maritime aerosols
[Knobelspiesse et al., 2004] (see also Figure 1 for a(510)
comparison). The SeaWiFS a(510) value, however, appears
lower than the AERONET results which are derived from
coastal and island locations [Smirnov et al., 2002]. During
the El Niño and La Niña in 1997–1998, Figure 4 shows
abnormal aerosol and ocean color properties from the global
deep ocean, in particular, for the a(510) value. The global
deep ocean a(510) in 1997–1998 has similar property as in

the regions of the north central Pacific and equatorial Pacific
(see results of Figure 5 in the next section) where the El
Niño and La Niña effects are the most significant. In
general, these results indicate that SeaWiFS has very stable
performance in its entire mission. However, results of

Figure 4. The mean values of the SeaWiFS aerosol
(ta(865) and a(510)) and ocean color ([Lw(443)]N and Chl-
a) products as a function of time from the global deep
waters (>1 km).

Figure 3. The SeaWiFS aerosol and ocean color products compared with the ground-based and in situ
measurements for (a) ta(865), (b) ta(l) at wavelengths of 443, 490, 555, 670, and 865 nm, (c) [Lw(l)]N at
wavelengths 412, 443, 490, 510, and 555 nm, and (d) Chl-a value. Two arrows in Figure 3c indicate two
cluster data values for [Lw(l)]N at 510 and 555 nm, respectively.
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a(510) show a slightly up trend starting from year 2002.
This is due to the SeaWiFS bands 7 and 8 change that is not
exactly accounted for in the current calibration. The a(510)
value depends on the SeaWiFS bands 7 and 8 radiance ratio
and is very sensitive to the change of the relative calibration
between bands 7 and 8. With the improved calibration
scheme that is based on a refined lunar calibration analysis,
the up trend in a(510) is improved. The new calibration
scheme will be implemented in the SeaWiFS next data
reprocessing.

4.2. Time Series From the Selected Eight Ocean
Regions

[20] From the 12 major oceanographic basins defined by
Gregg et al. [2002], we select eight regions in the global
ocean as examples to study the temporal and spatial
variations of the aerosol and ocean color optical properties
from the SeaWiFS measurements. The selected eight ocean
regions are North Pacific (NP), north central Pacific (NCP),
equatorial Pacific (EP), South Pacific (SP), North Atlantic
(NA), South Atlantic (SA), North Indian (NI), and South
Indian (SI). The ocean regions at north central Atlantic and
equatorial Atlantic are not selected because these regions
have strong seasonal dust and smoke effects that SeaWiFS
usually masked out for very high ta(865) values. Table 1
provides the name and location of the eight selected regions.

The selected eight regions with 10� � 10� box are also
shown in Figure 2.
[21] Presented in similar way as in Figure 4, Figures 5a–

5h provide the aerosol and ocean color products as a
function of time. Figures 5a–5h are the SeaWiFS regional
results derived from 10� � 10� box for NP, NCP, EP, SP,
NA, SA, NI, and SI, respectively. Comparing with results in
Figure 4, the regional aerosol and ocean color products
show significant seasonal and interannual variability. Each
region has its own signature in the seasonal and interannual
variations representing the regional geophysical and clima-
tological influences. Overall, SeaWiFS provides stable and
repeatable aerosol and ocean color results in the entire
mission from September 1997 to March 2004. Table 2
provides the regional mean value with standard deviation
(STD) for the aerosol and ocean color parameters derived
from the SeaWiFS entire mission data. Table 3 provides the
corresponding coefficient of variation (CoV) for the Sea-
WiFS aerosol and ocean color products. The values from the
global deep waters are also presented in both Table 2 and
Table 3 as references.
[22] Figure 6 provides color images for the global dis-

tributions of the SeaWiFS ta(865), a(510), [Lw(443)]N, and
Chl-a for the month of January and July. These images show
the global spatial variations of the aerosol and ocean color
properties for two different seasons. Figures 6a–6d are

Figure 5. Themean values of the SeaWiFS aerosol (ta(865) anda(510)) and ocean color ([Lw(443)]N and
Chl-a) products as a function of time from the region of (a) North Pacific, (b) north central Pacific,
(c) equatorial Pacific, (d) South Pacific, (e) North Atlantic, (f) South Atlantic, (g) North Indian, and
(h) South Indian.
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ta(865), a(510), [Lw(443)]N, and Chl-a global distributions
for the month of January, while Figures 6e–6h are distri-
butions for the month of July. The images were generated
with measurements from the entire SeaWiFS mission (six
and half years) for January and July representing monthly
climatology spatial distributions. The color scales for
ta(865), a(510), [Lw(443)]N, and Chl-a images are indicated
at the bottom of Figure 6. ta(865) and a(510) are scaled
from 0 to 0.3 and 
0.1 to 1.0, respectively, while
[Lw(443)]N and Chl-a are scaled from 0 to 3 (mW cm
2

mm
1 sr
1) and 0.01 to 10 (mg cm
3), respectively. Some
regional characteristics of aerosol and ocean optical prop-
erties are discussed below.
4.2.1. Pacific Ocean
[23] The NP region shows high seasonal variation of

the aerosol particle size and water-leaving radiance (chlo-
rophyll-a concentration). The results show very good
interannual repeatability. The a(510) changes from
�0.03 in December–January to �0.9 in June–July, while
[Lw(443)]N varies from �0.7 in December–January to
�1.4 (mW cm
2 mm
1 sr
1) in June–July. The ta(865)
value is consistently high in April (�0.13), while it is
generally low in July (�0.07). The NP region has
characteristics of the relative high a(510) value with very
high variation (�60% in CoV) and very low water-
leaving radiance at the blue thereby high chlorophyll-a
concentration.
[24] In contrast, both the NCP and EP regions have fairly

constant seasonal ocean bio-optical properties except during

the El Niño and La Niña in 1997–1998 [Chavez et al.,
1999]. The NCP region has very clear ocean waters with
mean [Lw(443)]N and Chl-a of 1.832 (mW cm
2 mm
1 sr
1)
and 0.076 (mg m
3), respectively. However, the EP region
has relative high ta(865) value (mean of 0.136) with
relative large aerosol particle size (mean a(510) of 0.155).
Aerosols in both the NCP and EP regions are typical of
maritime aerosols. Chou et al. [2002] postulated that the
large ta(865) over equatorial oceans is caused by the
convergence of aerosols from subtropical regions. Strong
trade winds in the tropics can produce large amount of sea
salt particles [Smirnov et al., 2003] and carry these aerosols
to the EP region. These sea salt aerosols are characterized as
large particle size (low a(510) value).

Figure 5. (continued)

Table 1. Selected Eight Regions With Location of the Latitude

and Longitude

Selected Regions

Location

Latitude Longitude

North Pacific (NP) 50�N 150�W
North central Pacific (NCP) 25�N 150�W
Equatorial Pacific (EP) 0� 150�W
South Pacific (SP) 30�S 150�W
North Atlantic (NA) 50�N 35�W
South Atlantic (SA) 30�S 15�W
North Indian (NI) 15�N 65�E
South Indian (SI) 30�S 80�E
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[25] The SP region has the highest [Lw(443)]N and lowest
Chl-a values in the selected ocean regions. This region is
usually referred to as the ocean ‘‘desert’’ wheremacronutrient
concentrations are very low [McClain et al., 2004b]. The
seasonal variation of [Lw(443)]N in the SP is in opposite to the
NP region with high [Lw(443)]N (�2.6 (mW cm
2 mm
1

sr
1)) in December–January and relative low [Lw(443)]N
(�1.7 (mW cm
2 mm
1 sr
1)) in June–July. This is because
of six months seasonal shift between southern and northern
oceans. Aerosols are typical of the maritime particles with
mean values of ta(865) = 0.101 and a(510) = 0.203.
4.2.2. Atlantic Ocean
[26] The NA region has the lowest [Lw(443)]N and the

highestChl-a valueswith significant seasonal variations in the
aerosol and ocean optical properties. The Chl-a varies from
�0.25 (mg m
3) in December–January to �1.2 (mg m
3)
in April–May. Both ta(865) and a(510) temporal variations
in the NA region are similar to those in the NP region.
However, the SA region demonstrates the similar character-
istics in the atmospheric and ocean properties as for the SP
region.
4.2.3. Indian Ocean
[27] The NI region has the highest ta(865) and a(510)

values from the selected eight study regions with strong
seasonal variations. The ta(865) value varies from �0.1 in
December–January to �0.3 in June–July, while a(510)
changes from �0.5 in December–January to �0.2 in June–
July. The high concentration aerosols in June–July are dust
contamination originated from soils in the Tigris and
Euphrates basin [Ackerman and Cox, 1989; Husar et al.,
1997]. As expected, the dust has large particle size (low
a(510) values) and large ta(865) value in June–July season
in the NI region. There are also significant seasonal varia-
tions for the ocean color products in the NI region. Relative
high Chl-a concentration and low [Lw(443)]N are also
observed. It is possible that dust particles depositing to
and suspension within the upper layer of the ocean may
have some effects on the results of the low [Lw(443)]N value
in the region [Claustre et al., 2002]. On contrast, the SI
region shows constantly clear atmosphere (lowest ta(865))
and oceans (low Chl-a and high [Lw(443)]N). The atmo-
spheric and ocean properties in the SI region are similar to
those in the SP and SA regions.

4.3. Seasonal Variations and Correlation Analyses

[28] To better understand temporal and spatial variation of
the SeaWiFS aerosol and ocean color products, we com-

puted the monthly mean values for ta(865), a(510),
[Lw(443)]N, and Chl-a and analyzed correlation among these
parameters. Figure 7 provides mean values for ta(865),
a(510), [Lw(443)]N, and Chl-a, which were derived from the
SeaWiFS entire mission data, as a function of the month for
the selected eight ocean regions. Figure 7 is presented
similarly as in Figure 5 except x axis is in month instead of
year. Thus the seasonal variations in aerosol and ocean color
parameters can be clearly seen. In addition, the correlation
coefficients between various aerosol and ocean color param-
eters for the eight ocean regions were computed and
provided in Table 4. In Table 4, correlation coefficients
are provided for the SeaWiFS parameters of ta(865) and
a(510), ta(865) and [Lw(443)]N, ta(865) and Chl-a, a(510)
and [Lw(443)]N, and a(510) and Chl-a. The correlation
coefficient for [Lw(443)]N and Chl-a is not computed
because these two is usually strongly correlated, i.e., low
Chl-a generally corresponding to high [Lw(443)]N and vice
versa (see Figure 6) [Gordon et al., 1988; Morel, 1988;
O’Reilly et al., 1998]. By carefully examining the correlation
coefficients in Table 4 and results in Figures 5 and 7, we have
not found any obvious artifacts that were introduced from
the SeaWiFS atmospheric correction and aerosol retrieval
algorithms. Specifically, there is no obvious systematic
correlation between aerosol and ocean color products,
e.g., mistakenly accounting for the ocean contribution as
from aerosol radiance.

4.4. Some Regional Data Analyses and Discussions

[29] Both the NP and NA regions show significant
elevation of the a(510) values during June–July season
(see results in Figures 6f, 7a, and 7e), while the ta(865)

Table 2. Mean and Standard Deviation of the Regional Aerosol and Ocean Color Products

Selected Region

Mean Value, SDa

ta(865) a(510) [Lw(443)]N
b Chl-ac

North Pacific (NP) 0.106 ± 0.026 0.380 ± 0.226 0.820 ± 0.241 0.397 ± 0.095
North central Pacific (NCP) 0.100 ± 0.026 0.243 ± 0.102 1.832 ± 0.139 0.076 ± 0.014
Equatorial Pacific (EP) 0.136 ± 0.026 0.155 ± 0.063 1.195 ± 0.168 0.179 ± 0.045
South Pacific (SP) 0.101 ± 0.021 0.203 ± 0.087 2.289 ± 0.327 0.047 ± 0.024
North Atlantic (NA) 0.107 ± 0.025 0.332 ± 0.191 0.753 ± 0.148 0.512 ± 0.257
South Atlantic (SA) 0.089 ± 0.020 0.239 ± 0.109 1.978 ± 0.281 0.068 ± 0.031
North Indian (NI) 0.177 ± 0.062 0.393 ± 0.129 0.861 ± 0.223 0.422 ± 0.203
South Indian (SI) 0.088 ± 0.019 0.253 ± 0.123 1.956 ± 0.270 0.080 ± 0.029
Global deep water 0.111 ± 0.005 0.277 ± 0.060 1.503 ± 0.055 0.193 ± 0.017

aSD, standard deviation.
bUnits of mW cm
2 mm
1 sr
1.
cUnits of mg m
3.

Table 3. Coefficient of Variation for the SeaWiFS Regional

Aerosol and Ocean Color Products

Selected Region

Coefficient of Variation, %

ta(865) a(510) [Lw(443)]N Chl-a

North Pacific (NP) 24.5 59.5 29.4 23.9
North central Pacific (NCP) 26.0 42.0 7.6 18.4
Equatorial Pacific (EP) 19.1 40.6 14.1 25.1
South Pacific (SP) 20.8 42.9 14.3 51.1
North Atlantic (NA) 23.4 57.5 19.7 50.2
South Atlantic (SA) 22.5 45.6 14.2 45.6
North Indian (NI) 35.0 32.8 25.9 48.1
South Indian (SI) 21.6 48.6 13.8 36.3
Global deep water 4.5 21.7 3.7 8.8
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Figure 6. The color images for the global distributions of the SeaWiFS ta(865), a(510), [Lw(443)]N,
and Chl-a for the month of (a–d) January and (e–h) July.
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values are relatively flat. For the NP region, the highest
mean ta(865) value (�0.13) appears in the month of April,
while in July the mean ta(865) value is the lowest (�0.07)
with the highest of the mean a(510) value (�0.7). The high
AOT in April in the Northern Hemisphere was also reported
by other investigators [Husar et al., 1997; Mishchenko et
al., 1999]. The seasonal variation of a(510) in the NP and
NA regions is consistent with the seasonal change of the
ocean DMS emission in these regions [Kettle et al., 1999],
as well as the global anthropogenic sulfate production
efficiency variation (low in January and high in July) [Chin
et al., 2000]. Kettle et al. [1999] observed significant
elevation of the DMS emission in the NP and NA regions
from January to July, and concluded that there was no
significant correlation between the global DMS distribu-
tions and ocean physical (temperature and salinity) and
biological (chlorophyll concentration) parameters. However,
Andreae et al. [1994] found some correlation between
DMS emission and Chl-a in the tropical South Atlantic. In
the NP region, SeaWiFS measurements show some positive
correlation between a(510) and [Lw(443)]N (R = 0.613),
while there is evidence of positive correlation between
a(510) and Chl-a (R = 0.581) in the NA region. It is
interesting to note that, with increase of the DMS emission
in June–July season in the NP and NA regions, one might
expect increase of ta(865). This is not shown in the
SeaWiFS results due probably to effects of particle extinc-

tion coefficient, i.e., ta(865) depends both on the particle
concentration and its extinction coefficient (scattering and
absorption efficiency). Results from Chin et al. [2002] using
a chemical model coupled to the atmospheric circulation
that has incorporated the natural and anthropogenic sulfate
cycle contributions [Chin et al., 2000] also do not show the
increase of the AOT in July in the NP region. However,
these discussions are preliminary. Further investigations
with the in situ particle size and its concentration measure-
ments are needed.
[30] The NI region shows large negative correlation

(
0.726) between ta(865) and a(510), representing the
seasonal dust contamination in the NI region. However,
significantly low a(510) values with slightly negative
correlation (
0.319) between ta(865) and a(510) are ob-
served at the EP region. This could be result of sea salt
particles that are produced in tropics and carried out to the
EP region with strong trade winds [Chou et al., 2002].
Study shows that properties of large sea salt aerosols at the
tropics are strongly correlated to the wind speed with
negative correlation between the AOT and Ångström expo-
nent [Smirnov et al., 2003].

5. Conclusions

[31] Since September of 1997, SeaWiFS has routinely
produced the aerosol and ocean color products over the

Figure 7. The SeaWiFS monthly mean values of ta(865), a(510), [Lw(443)]N, and Chl-a derived from
the entire SeaWiFS mission data for region of (a) North Pacific, (b) north central Pacific, (c) equatorial
Pacific, (d) South Pacific, (e) North Atlantic, (f) South Atlantic, (g) North Indian, and (h) South Indian.
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global ocean. The SeaWiFS aerosol retrieval algorithm uses
the aerosol spectral radiances measured at the SeaWiFS 765
and 865 nm bands to derive appropriate aerosol models and
aerosol optical properties, e.g., the AOT at 865 nm and the
Ångström exponent from 510 and 865 nm. The SeaWiFS
algorithm uses 12 aerosol models that are nonabsorbing and
weakly absorbing for generating the aerosol lookup tables.
In comparing with the ground-based data collected from the
global oceans through the SIMBIOS project, the Ångström
exponents from the SeaWiFS 12 aerosol models represent
well for aerosols in the maritime environment. There are
continuous efforts within the ocean community to collect
the ground-based aerosol and in situ ocean color data to
calibrate, validate, and improve the satellite-retrieved aero-
sol and ocean color products.

[32] To improve data quality, the SeaWiFS entire aerosol
and ocean color products have been reprocessed completely
four times since September 1997. The SeaWiFS aerosol and
ocean color products compare generally well with the
ground-based and in situ measurements. However, in com-
paring with the ground-based data, the SeaWiFS-derived
AOT at 865 nm may have slightly over-estimated (�5–
10%), while there is under-estimation for the Ångström
exponent (difference varies significantly depending on val-
ues). Both SeaWiFS aerosol and ocean color products show
very stable and repeatable results in the entire mission,
implying that SeaWiFS is well characterized and calibrated.
After more than six and half years of operation, SeaWiFS
still has very good sensor performance. By carefully exam-
ining the SeaWiFS aerosol and ocean color results, we have

Figure 7. (continued)

Table 4. Correlation Coefficients of Aerosol and Ocean Color Parameters for the Eight Ocean Regions

Selected Region

Correlation Coefficient

ta(865) and
a(510)

ta(865) and
[Lw(443)]N

ta(865) and
Chl-a

a(510) and
[Lw(443)]N

a(510) and
Chl-a

North Pacific (NP) 
0.026 
0.185 0.023 0.613 0.155
North central Pacific (NCP) 
0.116 0.097 0.256 0.126 
0.406
Equatorial Pacific (EP) 
0.319 0.099 
0.111 0.166 
0.247
South Pacific (SP) 
0.147 0.311 
0.129 0.149 
0.211
North Atlantic (NA) 
0.045 0.319 0.118 0.203 0.581
South Atlantic (SA) 
0.146 0.230 0.037 
0.254 0.226
North Indian (NI) 
0.726 0.036 
0.131 
0.114 0.062
South Indian (SI) 
0.423 0.411 
0.198 
0.423 0.356
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not found any correlation artifacts between aerosol and
ocean color products that are resulted from the performance
of the SeaWiFS atmospheric correction and aerosol retrieval
algorithms.
[33] The atmosphere and ocean interactively influence the

regional geophysical and climatological variations, e.g.,
emission of the DMS from ocean surface modifies aerosol
optical and radiative properties, while dust depositing to and
suspension within the upper layer of the ocean changes the
ocean properties. Therefore it is important and useful to
study the global aerosol and ocean spatial and temporal
variation collectively with the simultaneous aerosol and
ocean color measurements. As examples, we presented
some detailed analyses for the eight regions selected from
the global ocean with the simultaneous SeaWiFS aerosol
and ocean color data. These results provide good examples
of the regional significance in the seasonal and interannual
variations that are influenced by the regional geophysical
and climatological changes.
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Kaufman, Y. J., D. Tanré, and O. Boucher (2002), A satellite view of
aerosols in the climate system, Nature, 419, 215–223.

Kettle, A. J., et al. (1999), A global database of sea surface dimethylsulfide
(DMS) measurements and a procedure to predict sea surface DMS as a
function of latitude, longitude, and month, Global Biogeochem. Cycles,
13, 399–444.

Kiehl, J. T., and B. P. Briegleb (1993), The relative roles of sulfate aerosols
and greenhouse gases in climate forcing, Science, 260, 311–314.

King, M. D., Y. J. Kaufman, D. Tanré, and T. Nakajima (1999), Remote
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